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ABSTRACT

Through detailed and remarkably insightful analyses of surface data, Tetsuya Theodore Fujita pioneered modern
mesoanalysis, unraveling many of the mysteries of severe storms. In this paper Fujita’s contributions to the analysis and
description of surface pressure features accompanying tornadic storms and squall lines are reviewed.

On the scale of individual thunderstorm cells Fujita identified pressure couplets: a mesolow associated with the tor-
nado cyclone and a mesohigh in the adjacent heavy precipitation area to the north. On larger scales, he found that squall
lines contain mesohighs associated with the convective line and wake depressions (now generally called wake lows) to
the rear of storms. Fujita documented the structure and life cycles of these phenomena using time-to-space conversion
of barograph data.

Subsequent investigations have borne out many of Fujita’s findings of nearly 50 years ago. His analyses of the sur-
face pressure field accompanying tornadic supercells have been validated by later studies, in part because of the advent
of mobile mesonetworks. The analyses of squall-line mesohighs and wake lows have been confirmed and extended,
particularly by advances in radar observations. These surface pressure features appear to be linked to processes both in
the convective line and attendant stratiform precipitation regions, as well as to rear-inflow jets, gravity currents, and
gravity waves, but specific roles of each of these phenomena in the formation of mesohighs and wake lows have yet to
be fully resolved.

1. Introduction nigues that he developed then formed the foundation

of subsequent mesoscale research.
In Japan in the late 1940s Tetsuya Theodore Fujita Very early on, Fujita saw the largest signal in

carried out his first detailed analyses of surface weatBarface weather patterns occurred in connection with
systems. Inspired by observations of dramatic surfadb@ep convection. This observation led him to direct
weather changes during the passage of thunderstonmsch of his initial attention to severe local storms, an
tornadoes, and even a solar eclipse, he developethtarest that continued throughout his career.

just a few short years an array of techniques for the In this paper Fuijita's early studies of convective
analysis of subsynoptic weather phenomena. Theterms and their associated surface effects are
efforts led to new insights into atmospheric processesiewed. Specific em-

on the largely unstudied scale of local weather. Fujitgghasis is given to surface

early investigations, along with subsequent work at theesoscale pressure fields
University of Chicago in the early 1950s, marked thessociated with severg
birth of mesometeorology. The mesoanalysis teatenvective weather, nota-
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of Fujita’s work can be found in his 1992 memoirsion of the pressure data, he was able to depict a num-
(Fujita 1992). ber of rapidly evolving thunderstorm highs 20—100 km
in the horizontal dimension. Since the rise—fall pres-
sure tendencies had the appearance of a human nose,
2. Fujita’s first mesoanalyses he referred to the high pressure associated with the
thunderstorm as a thunder-nose. The maps in Fig. 2
In 1947, just one year after choosing “weather seepresent Fujita’s first mesoanalysis charts, although
ence” as a career and three years prior to receivingtathe time he referred to this local analysis as
doctor of science degree from Tokyo University, Fujitaicroanalysis.
developed a keen interest in the effects of convection Serendipitously, after a talk on the thunder-nose in
on surface weather. His initial interest in this subjeklyushu in 1949, someone pointed out to Fujita that a
arose from noting that the direction and speed of lpaper by Horace R. Byers (1942) on nonfrontal thun-
cal winds during convective storms were entirely difterstorms had been found in a wastepaper basket at
ferent from those inferred from large-scale synoptihe Seburiyama Mountain station. Realizing its con-
charts. On 24 August 1947 he had an opportunityriection with his own work, Fujita sent two of his pa-
directly observe a thunderstorm from a station atpers to Byers at the University of Chicago. Byers was
1054-m-high Seburiyama Mountain in Kyushu. Fromarticularly impressed with the analysis of the
station pressure measurements, computations of Saburiyama thunderstorm and the conclusions regard-
hydrostatic pressure, and corrections for suction effeittg the importance of the thunderstorm downdraft,
of the building in the wind, he was able to computnclusions that he had reached independently as a
nonhydrostatic pressure near cloud base and infer thsult of the 1946—47 Thunderstorm Project (Byers
existence of a strong downward current in the thuand Braham 1949). This correspondence led to Fujita’s
derstorm. At the time, the existence of such a curreaventual move to the University of Chicago in 1953,
in thunderstorms was a novel idea in Japan and mdtere he began his mesoanalysis research in the
widely accepted. Nevertheless, his observations lddited States.
him to postulate a now impressively realistic thunder-
storm model (Fig. 1) that was published several years
later (Fujita 1951). Fujita analyzed a series of surfae Mesoanalyses of severe storms in
pressure maps for this case using pressure traces fronthe United States—Fujita’s next
30 stations (Fig. 2). Based on a time-to-space conver-decade

In 1951 a special observing network was estab-
svstem mith thunder, | ° Iish_e_d_in the central plains in support of the researc_h
- activities of the Severe Local Storms Research Unit

with mspec]‘ toal mc‘w“‘g

|
-— g R L —_—

~

i S YR Hin of the U.S. Weather Bureau. The scale of the network
(\;‘LI il i was unprecedented: by 1953 nearly 200 stations (in-
o.«er}mmg ~ W AR e, |~ |, cluding both regularly reporting and special sites)
Cold ir + LoV - = | « i spaced at ~50 km were deployed over all or parts of
W | |, sixstates—the most extensive mesonetwork ever es-
IE: _@_';.f_“_ p tablished. The microbarographs, hygrothermographs,
ot gx:fsde «2777] . thermographs, and wind and rainfall observations from
NURHENIER NS RN =) jnjej‘ij"j‘:’, special sites presented a golden opportunity for Fuijita,
R L at Rukuoka who had just arrived in the United States from Japan
P22 2 LEIERIEE ne.. armed with an arsenal of techniques for data reduction
ind Velocity at w\seﬁ'iﬁn ) . .
! — e fa and mesoanalysis used in his study of cold fronts, se-
. R . ' ' Lo  vere storms, and typhoons in Japan, along with new
17 16 15 14 13 12 Il 10JST

techniques being developed in the United States.
Fic. 1. Model of the Seburiyama thunderstorm of 24 Aug 1947 Some of the first results of the analysis of summer

(Fujita 1951). Fujita (1992) noted that, “this model was produc %53 t k dat ted i land K
in March 1949, leading to a presentation in Japanese on Maa' mesonetwork data were reported In a landmar

1949. An English translation was sent to Dr. Byers on DecemtRPer (Fujita 1955). Using time-to-space conversion
5, 1950.” of the barograph traces, Fujita constructed detailed
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mesoanalyses of the pressur N (onoon

field accompanying squall lines. NOSE OF THUNDERSTORM a{/
This work led to the develop- oN R
ment of a conceptual model for Avgust 24 1947 %/{%%:jﬁ
the squall-line surface pressure | 2= !S,ZSZQ ( \\@/ =
. . . . \_ A

field (Fig. 3), wherein three prin- Y,

cipal features of the pressure ”f’””’/// :
field were identified: the pres- /

sure surge, the thunderstorn
high [referred to in Fujita et al. %
(1956) as a mesohigh], and th

wake depression. Fujita attrib-
uted the pressure surge and thui
derstorm high to evaporation of
precipitation in downdrafts, &
as illustrated in Fig. 4. This {
mechanism for the thunderstormn
high had been proposed earlie
(Humphreys 1929; Suckstorff
1935), wherein the former it was £l
argued that the frictional retarda
tion of the surface outflow from
evaporatively driven downdrafts }

increase of surface pressure
There was some controversy ir
the early to mid-1940s about the
role of dynamical effects (e.g.,
nonhdrostatic pressure rise du |
to the impact of the downdraft
with the ground) on production /%"
of the thunderstorm high (see L I

Sawyer 1946 for a discussion),
but results from the Thunder- Fic. 2. Microanalysis of the thunder-nose of 24 Aug 1947 (Fujita 1951). This is the first
storm Project (Byers and Brahan$eduence of mesoanalysis maps produced by Fujita. In order to create this map, Fujita vis-

. . indivi | weather ion han recor r n tracin r.N nter
1949) and computations carrle(#tEd dividual weather stations to hand copy recorded traces on tracing paper. No cente

out by Fujita (1959) indicated
that the primary contributor to
the surface cold dome is evaporation of rainfall beloseparation in the wake of a blunt body. If the low-level
cloud base. However, Fujita also noted that an adfiew relative to the cold dome were reversed, then,
tional pressure rise of ~1-2 mb could occur in thaujita argued, the wake depression would be found
heavy rain directly beneath the downdraft due &head of the thunderstorm. However, later Fujita
nonhydrostatic effects, a feature he referred to as (h063) retracted these ideas on the basis that the hori-
pressure nose (Fujita 1963). Fujita (1959) also speeontal dimensions of the mesohigh are too large to
lated that melting snow or hail could also contribuggermit the development of the wake flows shown in
to the surface mesohigh, an idea later confirmed dfig. 4. He thus recommended abolishment of the term
guantified by Atlas et al. (1969). wake depression and recommended the use of
Fujita (1955) initially explained the wake depresnesodepression for the lack of a more suitable term.
sion as a dynamical response to storm-relative fro@ubsequent research (to be discussed later) has shed
to-rear flow around the cold dome (open arrows irew light on mechanisms for mesoscale low pressure
Fig. 4), much like low pressure produced due to floperturbations associated with squall lines.

or national data archive nor copying machine was available in Japan in the 1940s.
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existed. On the largest scales were those

THUNDERSTORM HIGH FIVE STAGES OF THE associated with squall mesosystems
RAPIDLY MOVING THUNDERSTORM HIGH

PRESS DROP containing multiple thunderstorm
™ cells, such as those described above,
\45UR657\ while on the smallest scales pressure

WAKE DEPRESSION disturbances accompanied individual

thunderstorms. This distinction was

brought out in a study of the severe

weather outbreak of 24—25 June 1953

(Fujita et al. 1956). This paper dealt

with severe storms that accompanied

the passage of a cold front over the
central United States. From synoptic

PRESS EXCESS to mesoscale analyses for this case,

Fujita et al. (1956) identified three

types of mesoscale pressure phenom-
Fic. 3. (left) Profile of the pressure disturbance through the center of a rap%@a: the mesohigh, the pressure jump

moving squall line and definitions of pressure features. (right) Five stages of the pi@€, and the pressure couplet.

sure field: 1) initiation stage, 2) development stage, 3) mature stage, 4) dissipatio he mesohigh of Fujita et al.

stage, and 5) remnant stage. Redrafted from Fujita (1955). (1956) is synonymous with the thun-

derstorm high discussed previously.
Also shown in Fig. 3 are typical pressure profile&n example is shown in Fig. 6 along the Kansas—
for various stages in the life cycle of a squall linédlebraska border at 0200 central standard time (CST)

According to Fujita (1955, 1963), a squall mesosystean 25 June 1953. This mesohigh was several hundred

develops as a small mesohigh and dissipates adslameters long, trailed by a low pressure area. The

mesodepression after going through five stages: gradient between high and low pressure was intense,
~10 mb (80 km}.

1) initiation stage—a small mesohigh, which can be A pressure jump line, originating from a previous
detected only by a (meso)network, forms ambnvective system in northeastern Kansas, was ana-
develops; lyzed in southeastern Kansas (Fig. 6). Parts of it were

2) development stage—horizontal dimensions imvell separated from the cold front to the north. Fujita
crease to over 100 mi, yet no mesodepression apal. (1956) noted no precipitation and only scattered-
pears inside the system; to-broken clouds assaociated with this feature. Similar

3) mature stage—showers reach their maximum ipressure jumps were analyzed at the time by Williams
tensities, and a mesodepression develops beh{h848, 1953) and initially attributed to hydraulic jump
them; dynamics by Tepper (1950) and later to nonlinear geo-

4) dissipation stage—the mesodepression reachesitephic adjustment to momentum forcing by Tepper
minimum pressure and showers disintegrate; aft955). Later work suggests that the pressure jump

5) remnant stage—the mesohigh flattens out, and thmes are in many cases surface manifestations of
mesodepression fills. undular bores (Simpson 1987), which arise from an

impulsive forcing such as a downdraft impinging upon
The first four of these stages are depicted in Figastable layer (e.g., the nocturnal inversion) or a grav-

(from Fujita 1963) for three different modes of develty current (e.g., a thunderstorm outflow) intruding on

opment: on the cold side of a front, along a front, aadstable layer.

on the warm side of a front. The disturbance in each The pressure couplet was defined as a high pres-

case has the same pressure anomaly pattern, bustire area and adjacent low pressure area of similar

differing background pressure fields lead to differemagnitudes and intensities. Fujita noted that the worst
appearances in the total pressure fields. weather (e.g., tornadoes) appeared to be associated
While analyzing the 1953 mesonetwork datayith the low pressure part of the couplet. In fact, he

Fujita was aware that several different scales a$sociated this part with the tornado cyclone, a term

convectively generated, surface pressure disturbanicéoduced by Brooks (1949) to describe the low pres-

UNDISTURBED PRESS

«—— TIME «——— TIME
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mesodepressions—an analogy
to obstacle flow—was incorrect;
however, he did not offer an al-
ternative explanation. At about
the same time, Pedgley (1962)
had analyzed a squall line pass-
ing over England on 28 August
1958 that had the same charac-
teristic surface pressure patterns
reported by Fujita (1955, 1963).
Pedgley (1962) referred to the
trailing low pressure area behind
the squall line as a wake low, a
term now generally accepted for
this phenomenon. However,
Pedgley also could not offer an
- adequate explanation for the
0 100 200 MILES wake low. Rather, he suggested
. o . ~ the obstacle-flow idea of Fujita
Froiei:ﬁii't:;?g;;érly model of squall-line circulation: DWD = downdraft, UPD = updrattl955) as one possibili_ty and, as
another, the hypothesis put for-
ward by Brunk (1953) that the
sure area within which tornadoes germinate. Figuredps of towering clouds may generate gravity waves
contains an example of such a couplet in southeastenrthe tropopause, which would then produce pressure
Colorado, but a more detailed analysis was prepafkdatuations at the ground.
in connection with a study by Fujita (1958a) of the An important extension of Fujita’s early analyses
lllinois tornadoes of 9 April 1953 (Fig. 7). Combiningdf surface mesonetwork data was the eventual incor-
time-to-space converted pres-
sure data with 3-cm radar data
Fujita was able tO demonStl’atf INITIATION STAGE DEVELOPMENT STAGE MATURE  STAGE DISSIPATION —ShTAGE

th t . t | HIGH HIGH HIGH HIGH —=Z 5
at a prominent mesolow was ////\"/
associated with the tornado (the % / ) ﬂ

hook echo in Fig. 7) and the [
mesohigh with the intense rain- =
fall area to the north. Low cl
While mesoscale pressure
couplets were often identified
with tornadic storms, Fujita et al.
(1956) observed that they coulc }-==
occur on a variety of scales. The | o
small couplets were often asso Fi
ciated with tornadoes, wherea:
the larger ones were found witt —
squall mesosystems. The large
lows, first termed wake depres- |~ £
sions by Fujita (1955) and | {&
mesolows by Fujita et al. (1956), Wi

were I?‘ter called mesodeprgssmns Fic. 5. Typical isobar patterns of squall mesosystems obtained by combining the basic
by Eupta (1963) As ment'qnedfield and excess pressure patterns. Letters C, F, and W designate the basic fields: cold sec-
earlier, Fujita (1963) admittedor, on the front, and warm sector, respectively. The various systems go through stages 1—4
that the original explanation forfrom left to right. From Fujita (1963).

LOW,
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consistent with those of Pedgley
(1962), who used radar and sur-
face observations of the 1958
storm over England to document
similar skew tracks of the me-
sohigh and wake low and simi-
lar correspondence between the
precipitation and surface pres-
sure patterns.

Fujita (1963) noted that dra-
matic pressure falls could occur
in association with wake lows.
Brunk (1949) documented a fall
of 13 mb in the cold air north of
a front in association with thun-
derstorms. The analyzed pres-
sure pattern resembles that in

Fig. 5 (upper panel). Other stud-
ies showed similar sharp pres-
sure falls (Williams 1953, 1954;
Fujita et al. 1956; Magor 1958),
but the exact relationship to the
precipitation structure of the
convective systems was not
documented. However, Williams
(1963) eventually demonstrated

200 STAT MILES
|

LEGEND sco-or sanon | PA08 uax. ervecrive manoe in a quantitative way that subsid-
e 2 e i o &““m"-““ / ence warming can account for
1SOTHERM (%) e amea |7 Wik the observed pressure deficit in
———— EDGE OF TEMP. GRADIENT H HAIL I e . .
gy "o isocon I THUNODERSTORM  |LOW-MIDDLE CLDS, MIGH CLDS | DUST AREA the wake low. His analysis of the
I H / /
S Y Lottt (.- Ml T thunderstorm wake of 4 May
= STATE BOUNDARY B i idrown 1961 indicated a descending

warm, dry current to the rear of
the convective line with warm
air, in this case, actually reach-
poration of radar data. Shown in Fig. 8 (from Fujitang the surfacé Williams, however, was not able to
and Brown 1958) is a mesoanalysis in the region edtablish the cause of this circulation, nor did he in-
the lllinois State Water Survey, Champaign, lllinoigestigate the relationship between the wake low and
(CMI), APS-15A radar at 2200 CST on 4 June 195®e trailing precipitation region (Fig. 4).

Radar echoes within the squall line approaching CMI

have been added to analyses of the pressure, wind, and

precipitation fields. Fujita and Brown noted that th@. Subsequent observational studies of
strongest radar echoes were located in the area of thanesohighs and mesolows

mesohigh and the lowest pressure corresponded ap-

proximately to the time of cessation of rain (isohyets Following a decade-long period of mesoanalytical
are based on rain gauge data). They also found thatshalies that pioneered the development of mesom-
tracks of pressure excesses (mesohighs) and pressure

deficits (wake lows) on 4-5 June deviated significantly

from each other, with mesohighs gene_rally MOVINGilliams notes that descent of warm air all the way to the sur-
toward the southeast and wake lows (which developggk is not common: those areas where it does occur may experi-
later) moving toward the northeast. These results aree “heat bursts” (Johnson 1983; Johnson et al. 1989).

Fic. 6. Mesomap, 0200 CST 25 Jun 1953. From Fujita et al. (1956).
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Mueller and Carbone 1987), the
structures of gust fronts and
mesohighs have been exten-
sively documented. Figure 9
(from Wakimoto 1982) sche-
matically shows the relative
contributions of hydrostatic and
nonhydrostatic pressure to the
mesohigh for an idealized thun-
e | . derstorm downdraft. At the
> :l:Of(NADO CYCLONE:CENTER AT I710 CST Ieading edge Of the OUtﬂOW, the
g/To/RN/AD;) FUNNEL TOUCHED GROUND AT I713 gust front, there is a buildup of
;QEXERAPOLATED LOCAT/ION OF TORNADO AT i710 nonhydrostatic pressure as are-
\\\CEAPAI/GN 7 e sult of converging airstreams,

/ CHAMPAIGN TORNADO AT 1710 CST

GOOSE CREEK..— " -
o .7
-

e -

~esg -~ = &2 which explains the surface pres-
P s J , i b

s \_// 8 sure rises observed prior to the
T —~ _RADAR STafion / arrival of gust fronts. Just behind

0 5 IONM

 E— the initially elevated surge of
A . WIND (IO MPH) .
- + TORNADO CYCLONE CENTER cold air, or gust-front head, the

Fic. 7. Surface chart of the Champaign tornado cyclone at 1710 CST 9 Apr 1953 Cogtinumg pressure rise is hy-
G. 7. Re-, ..
' paig y P d?ostatlc due to the dome of cold

drafted from Fujita (1958).

aon X

Q‘

1O
ol

air. However, directly beneath
the downdraft an additional
eteorology, Fujita turned his attention in the earjymp in pressure occurs as a result of the non-
1960s to several new areas of mesoscale reseahsfarostatic effect of the downdraft impinging on the
notably tornadoes and satellite studies. It was left fground, leading to the pressure nose described by
others in following decades to

further explore the ideas intro-

duced by Fuijita, and to confirm PRECIPITATION 2100-2200
y J 2200C JUNE 4, 1953 ISOHYETS 0.0, 0l, L0'/HOUR

and extend many of his early
findings regarding surface me-
sohighs and mesolows.

a. The mesohigh

Evidence from the Thunder-
storm Project (Byers and Brahan
1949) and the computations by
Sawyer (1946) and Fuijita (1959)
convincingly demonstrated that
the mesohigh owes its existenc
principally to evaporation in
precipitation downdrafts. In this
regard, the mesohigh can be cor
sidered primarily a hydrostatic
phenomenon. However, subse
guent studies have pointed ou
the role of specific nonhydro-
static effects. Based on instru:
mented tower data (Charba 197
Goff 1976) and radar, tower, and
sounding dat@/NVakimoto 1982; Fic. 8. Surface chart for 2200 CST 4 Jun 1953. From Fujita and Brown (1958).
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Fic. 9. Conceptual model of the surface observations during

lected from surface stations on a ~50 km grid over
much of Kansas and Oklahoma during May and June
1985. These data elucidated the surface pressure pat-
terns associated with mesoscale convective systems
(MCSs), once again revealing the structures seen by
Fujita over 30 years earlier. For example, a synthesis
of analyses of these data (Fig. 10b; from Johnson and
Hamilton 1988) shows the existence of a mesohigh
and wake low in a squall line essentially confirming
Fujita’s earlier analyses.

However, improvements in radar observations,
including the ability to merge data from multiple ra-
dars, have enabled placement of the surface pressure
features in relation to specific components of MCSs,
thereby yielding further insight into mechanisms for

iheir development. One very common organizational

passage of a gust front in its mature stage. From Wakimoto (19890de of MCSs within Wh?Ch distinct surfa_ce pressure
patterns are observed is the leading-line/trailing-

stratiform structure (Zipser 1969, 1977; Houze 1977,
Fujita (1959). An additional contribution to theHouze et al. 1989, 1990). This mode (Fig. 10b) fea-
mesohigh, as great as 2 mb, can arise from hyres a leading convective line, followed by a transi-

drometeor loading (Sanders and
Emanuel 1977; Nicholls et al.
1988).

Since the first central and
high plains surface mesonet- 2
work of Fujita’s era in the early
1950s and the National Severt
Storms Projectr network in the
early 1960s (Fujita 1963), no ©
network even approaching tha g

bove grou
O W o (o)

CROSS-SECTION THROUGH WAKE LOW

STORM MOTION =dp=

one in areal coverage had beend
ployed until the 1985 Oklahoma-

Kansas Preliminary Regional
Experiment for STORM-Cen-
tral (OK PRE-STORM). In this
experiment 5-min data were col-

Fic. 10. Schematic cross section
through the wake low at the trailing
edge of (a) a squall line and (b) surface
pressure and wind fields and precipita-
tion distribution during the squdike
mature stage. Winds in (a) are system
relative with the dashed line denoting
zero relative wind. Arrows indicate
streamlines, not trajectories, with those
in (b) representing actual winddote
that horizontal scales differ in the two
schemata. From Johnson and Hamilton b
(1988). )
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tion zone (a region of minimum reflectivity), then a Y
enhanced region of stratiform precipitation (Chor storm motion
et al. 1987; Smull and Houze 1987a; Rutledge et
1988). The mesohigh in Fig. 10b (depicted in the m N
ture stage of the squall line) is centered several te
of kilometers behind the leading convective line. Th
location suggests cumulonimbus downdrafts as a pi
cipal source for the cool mesohigh; downdrafts who
origins are hydrometeor loading and entrainment
ambient low#, air from ahead of and behind the lin
(e.g., Newton 1950, 1966; Browning and Ludlat
1962; Zipser 1969, 1977). Later modeling studie
have further emphasized the importance of tl
storm-relative flow from behind the system [the rea
inflow jet; Smull and Houze (1987b)] in providing c\
significant contribution to the mass of the surface cc :
pool (Fovell and Ogura 1988, 1989; Lafore ar
Moncrieff 1989).

Fujita (1958a) also identified smaller mesohigt
associated with tornadic supercells (Fig. 7). Based
1969-70 National Severe Storms Laboratory surfa = -
mesonetwork data having ~10 km spacing, Lem \

(1976) and Barnes (1978) found the primary mesohi
to be associated with the rear-flank downdraft (RFD; E . _— .

. . Fic. 11. Idealized surface pressure field in the region of a tor-
Lemon and Doswell 1979)' as shown SChematlca”yHQdic supercell: FFD = forward-flank downdraft, RFD = rear-flank
Fig. 11. A weaker mesohigh was noted by Lemaawndraft. Echo, flow fields, and mesofronts adapted from Lemon
(1976) near the position of the forward-flank downdradhd Doswell (1979).
(FFD). Both mesohighs presumably are related to
evaporation of precipitation in downdrafts.

Recently, a major stride in documenting the sup- The presquall low
face pressure field in proximity to tornadoes has been Although not specifically mentioned in Fujita’s
achieved with an automobile-based mesonetwaokpers, a presquall trough or presquall low shows up
(Straka et al. 1996). Figure 12 shows an example fara number of his mesoanalyses. This feature
atornado on 2 June 1995 in Friona, Texas (P. Markowdkig. 10b) has been attributed by Hoxit et al. (1976)
1999, personal communication). The pressure fidinol convectively induced subsidence warming in the
based upon multiple mobile observations (each plagaid- to upper troposphere ahead of squall lines.
in correct storm-relative position using time-to-spad@bservational studies (e.g., Fankhauser 1974; Sanders
conversion) is superposed upon the radar reflectiviind Paine 1975; Gamache aiwlize 1982; Gallus and
field from the Doppler on Wheels (Wurman et allohnson1991) have confirmed the existence of
1997). This analysis, valid 5 min after tornadogenesigesquall subsidence. The modeling study of Fritsch
is on a very fine scale in the immediate vicinity of thend Chappell (1980) provided strong evidence in sup-
hook echo such that only a part of the RFD and hardgligrt of the explanation of this feature by Hoxit et al.
any of the FFD are sampled (cf. Figs. 7 and 1M/arm advection may also play some role in the
Nevertheless, the analysis does show a stromgsolow formation (Schaefer et al. 1985), although it
mesolow associated with the tornado and a mesohiglikely secondary.
associated with the RFD, consistent with Fig. 11.

Although not completely sampled, there also appears The wake low

on an even smaller scale (~1 km) a high pressure ringAlthough the wake low for years has been clearly
nearly enclosing the tornado, conterminous with tlgentified as a prominent feature of mature squall lines
hook echo, as also observed by Fujita (1958b) affeljita 1955, 1963; Pedgley 1962), the dynamical
Rasmussen and Straka (1996). mechanism for its formation has been elusive.
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zero buoyancy. Dual-Doppler

retrievals of the perturbation

buoyancy field in the region of

wake lows (Smull and Jorgensen
1990; Smull et al. 1991) have
confirmed that strong overshoot-
ing at low levels (strong positive

buoyancy) contributes to the in-
tense warming there.

Fujita (1955, 1963) empha-
sized the life cycle characteris-
tics of mesohighs and mesolows
(Figs. 3 and 5). The depiction in
Fig. 10 is for the mature stage of
a squall line. In a study of 16
PRE-STORM MCSs Loehrer
and Johnson (1995) found evo-
lutions of the surface pressure
fields similar to that described

)

5km

by Fujita. However, there tended

==r-)

to be an evolution of the precipi-
tation structure of MCSs toward

Fic. 12. Perturbation pressure field (1-mb increments, deviations from 862 mb) angt

pasymmetricpattern, as de-

dar reflectivity field (dEZ) at 2347 UTC 2 Jun 1995 near Friona, TX. Analysis is at 5 mitied by Houze et al. (1990): a
after tornadogenesis+{ 5 min). Plotted pressures are in mb with hundreds digit removégading convective line on the
617 =861.7 mb. Her& refers to tornado. From P. Markowski (1999, personal communicatiagputhern end and a trailing strati-

Williams (1963) argued that it is a consequence of st™
sidence to the rear of convective lines, but the pi
cesses driving the subsidence were not explain
Zipser (1969, 1977) and Brown (1979) have shov
that mesoscale downdrafts driven, in part, by preci
tation evaporation can lead to adiabatic warming tr
exceeds evaporative cooling at low levels, hence p
ducing a pressure fall at the surface. Miller and Be
(1977) argued that the subsidence is dynamica
forced by spreading cool air at the surface. The 19
OK PRE-STORM network has allowed a more dt
tailed evaluation of the circulations associated wi
wake lows. Using dual-Doppler radar data, Rutled:
et al. (1988) found the rear-inflow jet to be a prom
nent feature of PRE-STORM squall lines. Based or
dense network of surface and sounding observatio
Johnson and Hamilton (1988) hypothesized that t
wake low was the surface manifestation of a desceil
ing rear-inflow jet and that the warming due to th
descent was maximized at the back edge of the

cipitation area where there was insufficient evapora-

tive cooling to offset adiabatic warming (Fig. 10a),

disorganized

Paths to Asymmetric Structure
(12 PRE-STORM cases)

\
2 —>

£ / S
@e<®

intersecting
convective bands

linear

Fic. 13. Evolutionary paths to asymmetric structure for 12 MCSs
ring the 1985 PRE-STORM observed by Loehrer and Johnson

Strong warming at low levels in the descending reqiggs). Numbers above arrows indicate the number of systems ob-

inflow jet suggests that air is overshooting its level eé
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rved to take that path. From Hilgendorf and Johnson (1998).
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SYMMETRIC ASYMMETRIC

LEADING
STRATIFORM

PRE-SQUALL
LOW

100 km |

Fic. 14. Conceptual model of the surface pressure, flow, and precipitation fields associated with the (a) symmetric and (b) asym-
metric stages of the MCS life cycle. Radar reflectivity field is adapted from Houze et al. (1990). Levels of shading deasiteginc
radar reflectivity, with darkest shading corresponding to convective cell cores. Pressure is in 1-mb increments. Smalp&@rows r
sent the surface flow, lengths being proportional to the wind speed at their center. Large arrows represent the storsednation, u
define the indicated quadrants of the storm. From Loehrer and Johnson (1995).

form precipitation region to the north (Fig. 13, fronacting on the rear-to-front flow within the surface cold
Hilgendorf and Johnson 1998). Overall, four sugbool, driving cold air to the south and preferentially
modes were identified: broken areal, broken line agénerating new cells on the southern end of the line.
back building (after Bluestein and Jain 1985), and in- Significantly, most studies of wake lows have
tersecting convective bands. During their earlidound that they occur in association with trailing strati-
stages, some of the MCSs exhibitaymmetristruc- form precipitation regions. When a stratiform region
ture, as defined by Houze et al. (1990) (left, Fig. 14xists, rear-to-front flow aloft typically descends to
The surface pressure field during the asymmetric stdgever levels as a result of sublimation or evaporation,
(right, Fig. 14; from Loehrer and Johnson 1995) stitr both, along the lower boundary of the stratiform
contains a presquall low, mesohigh, and wake low, lmlibud (Zhang and Gao 1989; Stensrud et al. 1991;
the wake low and, to a lesser extent, the mesohigh Braun and Houze 1997 Additionally, the mesohigh
shifted to the north along with the stratiform regiomloft that is commonly observed in MCSs (Fritsch and
This shift suggests that the stratiform region playsMaddox 1981; Maddox et al. 1981) may serve to
crucial role in forming the wake low (Stumpf et alblock the upper-level flow and to channel it downward
1991) and plays a contributory role, along with th®ward the leading convective line (Schmidt and
convective line, in forming the mesohigh. Based onGotton 1990).

numerical modeling study, Skamarock et al. (1994)

attributed MCS evolution to asymmetry to two factors:

1) the COFIOIIS force act!ng (.m the as_cendlng front_tq?_andya and Durran (1996) showed that a realistic rear-inflow jet
rear flow in the convective line, turning it to the nOrtpan occur due to thermal forcing from the leading convective line

and leading to an accumulation of hydrometeors agghe, although the stratiform region augments and modifies the
positively buoyant air there; and 2) the Coriolis foragrculation.
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Z (dBZ) Studies by Stumpf et al.
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6.5 (Fig. 16, bottom; adapted from
5.5 s SNSRI & . Smull et al. 1991). Stumpf et al.
""""" (1991) found that one-third of
_____ et the surface pressure fall in the
2.5 VI3 2 G R e wake low could be attributed to
-5 a depression of the surface cold
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L ST pool, as iIIustra_ted in Fig. 16
X: -103.0-99.3 -96.7 293.6 -90.4 -87.3 -BU.1 -B1.0 ~77.8 -74.6 -71.5 -68.4 65.2 -62. | -56.9 -S5.8 -52.6 3.5 -46.3 3.2 0.0 (bOttom) In regions where the
Distance [km] from CP4 rear-inflow jet passes through
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D el

OI3‘0 0125 OIIZO OI‘IS"(SI;(‘)”‘OI(I)S 0|bo 0(‘)55 QOISO 0(2;45 934 Wake IOW iS typ|Ca”y mUCh
TIME (UTC) weaker [e.g., Johnson and

Fic. 15. Vertical cross section of radar reflectivity ZJBnd dual-Doppler derived sys- Hamilton (198_8); Stumpf et al.
tem-relative winds (m-% 60 km north of National Center for Atmospheric Research ck4991); see Fig. 16, top]. The
radar in E-W direction across northern part of wake low domain. Vertical motion (he@gyises for blocking of the rear-
contours, 3 m$intervals) is also indicated. In lower portion of diagram time-to-space cnflow jet in some cases and not
verted observations of pressure, wind and rainfall rate at Portable Automated Mesoneét?ﬁ%-rs are not fully understood,

tion 12 are displayed. From Stumpf et al. (1991). although they may be related to

stratiform precipitation intensity

A connection between descending rear-inflow je(slaertel and Johnson 2000) or blocking of the upper-
and wake lows has been found in a number of stuevel flow by the mesohigh aloft (Schmidt and Cotton
ies. Dual-Doppler analyses for the OK PRE-STORI¥990).
3—4 and 23-24 June 1985 MCSs have revealed excepin some instances, the pressure gradients to the rear
tionally rapid descent (up to 6-9 nf)on a ~10 km of the stratiform region are intense (Bosart and
scale at the rear edge of trailing stratiform regio@eimon 1988; Loehrer and Johnson 1995; Johnson
(Stumpf et al. 1991; Johnson and Bartels 1992). &hal. 1996). One such case occurred at 0300 UTC
example is shown in Fig. 15 for the 3—4 June casm 6 May 1995 (Fig. 17; from Johnson et al. 1996).
This section is aligned west to east (left to right) acrolssthis situation a mesoscale convective system was
a wake low on the left side of Fig. 15. Storm motiomoving through east-central Oklahoma and northern
is toward the east and winds are system relative. Heéexas with a wake low at the back edge of the north-
the region of strongest descent near—65 km was ern stratiform region (the southern part of the system
coincident with the most intense gradients of surfageas not captured by the Oklahoma surface mesonet-
pressure and radar reflectivity to the rear of the squatbrk). A mesohigh was within the region of heaviest
line. This downward motion, comparable to that reainfall with a deep wake low immediately to the rear
corded in downbursts or microbursts (Fujita anaf the precipitation band. The most intense pressure
Wakimoto 1981; Fujita 1985), appears to have begradient appeared to “hug” the back edge of the strati-
a branch of the rear-inflow jet that descended rapidiyrm rain area, consistent with the findings of Fuijita
as it encountered the stratiform region and expeaind Brown (1958), Pedgley (1962), Johnson and
enced strong sublimation and evaporation. Hamilton (1988), Stumpf et al. (1991), and Loehrer
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ported are comparable to that in the eyewall of a mod-
erate hurricane. Although strong winds sometimes
occur at the surface in these systems, they typically are
not of hurricane force. The explanation is that while
the surface pressure gradient may be large, its mobil-
ity and transitory behavior prevents air parcels from
staying in the gradient long enough to achieve extreme
velocities (Vescio and Johnson 1992). Winds are al-
most perpendicular to the isobars; however, the axes
of divergence and convergence are displaced to the rear
of the axes of the mesohigh and wake low as a result
of movement of the system (Figs. 10 and 14). In some
cases, as a result of reduced friction, strong and dam-
aging winds may develop in the vicinity of wake lows
that pass over open water or smooth terrain (Ely 1982).
In addition, the low-level wind shear in and near the
wake low poses an aviation hazard. In a survey of air-
craft accidents or incidents from 1959 to 1983, Fujita
and McCarthy (1990) noted that of 51 cases related to
wind shear, 33 (or 65%) were associated with convec-

Fic. 16. Depiction of (top) weak and (bottom) sharp surfadéve storms. Many of these were related to microbursts
pressure gradients in association with rear-inflow jets that cqFujita and Wakimoto 1981; Fujita 1985), as discussed
tinue forward toward the leading convective line or are blockeﬁl] a companion paper in this special issue on Fuijita’s

respectively.

and Johnson (1995The most
intense wake low was #te far
southern boundary of the Okle
homa mesonetwork and ther
fore could not béully resolved.
Nevertheless, the part that was |
solved revealedjgressure gradi-
ent exceeding 5 mb (20 kri)a
corresponding surface pressu
fall of 10 mb in 20 min! Five-
minute-average surface winc
within this intense gradient wer
18.4 m st from 0.92°, with a
peak gust of 23.7 m’s

The pressure gradient i
Fig. 17 and those in other e:
treme cases that have been

Fic. 17. Base-scan radar reflectivit
at 0300 UTC 6 May 1995. Colors col
respond to reflectivity thresholds of 1¢
30, 41, 46, and 50 dB Pressure field
at 0.5-mb intervals is analyzed at 390
(the mean station elevation). Frol
Johnson et al. (1996).
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work and microbursts (Wilson 2001), and some may
have been connected with intense wake lows. Meuse
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» referred to as a heat burst. The early work by Williams
\‘\_\ RSL (1963) actually suggested an association between rear

N / ZSA:JTJ(I)\HE:J-IFSSS infloyv anc_JI heat bursts; howe_zver, the details of the

‘ relationship between the rear-inflow jet and cloud and
precipitation structures were limited due to the
sparsity of radar and sounding data. Fujita et al. (1956)
noted that, in general, mesolows were associated
with warm air at the surface. Observations from PRE-
STORM and prior studies hapeovided considerably
more information on the causes of heat bursts
(Johnson 1983; Johnson et 4889; Johnson and
Bartels 1992Bernstein and Johnson 1994).

Johnson (1983) proposed that heat bursts are a con-
sequence of strong downdrafts penetrating a shallow
layer of cool air near the surface. This idea is supported
by the modeling study of Proctor (1989). A sounding
for the 23—-24 June 1985 heat burst studied by
Johnson et al. (1989) illustrates this process (Fig. 18).
The lower-tropospheric structure closely resembled a
dry microburst environment (Wakimoto 1985), except
that a shallow, ~500 m deep stable layer existed near
5 % the surface. If an evaporating parcel were introduced

T (°C) from cloud base (near 500 mb), then sufficiently

Fic. 18. SkewT plot for Russell, KS, at 0440 UTC 24 Jun 1985c0o0led, it could descend all the way to the surface if it
Expected heat burst parcel trajectory is shown. Adapted frdfad enough downward momentum to penetrate the sur-
Johnson et al. (1989). face stable layer. Johnson et al. (1989) found that on 23—

24 June downdrafts of 6-8 m were sufficient to reach
et al. (1996) reported that strong low-level wind shetire surface. Later dual-Doppler analyses by Johnson
near the back edge of the trailing stratiform region ahd Bartels (1992) and Bernstein and Johnson (1994)
a squall line nearly caused an airline crash on 12 Agridnfirmed that downdrafts of this magnitude existed.
1996 at the Dallas—Fort Worth International Airport. There are at least two potential mechanisms for

The tendency for many MCSs to evolve from strong downdrafts and heat bursts within an MCS
symmetric to an asymmetric pattern with the accorh} microbursts and/or 2) rapidly descending rear- or
panying northward shift of the stratiform region helgateral-inflow jets. Each is illustrated in Fig. 19.
to explain the deviatory tracks of mesohighs and wake First consider mechanism 1. Observations of virga
lows. The stratiform region appears to play a criticat Cb mammatus led Johnson et al. (1989) to suggest
role in the development of a strong rear-inflow jehat microbursts may have accounted for the intense
(Smull and Houze 1987b; Lafore and Moncrieff 198%ieat bursts reported in that study. They proposed that
Weisman 1992), which in turn is linked to the formahe microbursts descending beneath virga from deep
tion of the wake low, as noted above. Therefore, as thygper-level stratiform clouds (microburst type A of
stratiform region shifts northward through the life dfujita 1985) may have caused the heat bursts. When
an MCS (Hilgendorf and Johnson 1998), the wake laecurring in stratiform cloud systems to the rear of
follows. The mesohigh, on the other hand, is couplsduall lines, these microbursts often descend in a
to both the convective line and the rear-inflow jet passearly dry-adiabatic environment abovdegpstable
ing through the stratiform region. Thus, the mesohiddyer that has a slightly elevated moisture content near
tracks to the right of the wake lows (Fujita and Browthe ground. The profiles of temperature and dewpoint
1958; Pedgley 1962; Knievel and Johnson 1998).
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d. The Wa_ke low and heat bL_”StS . 30f course, heat bursts can also form in association with
In rare instances, the rapidly descending flow Hbwndrafts from isolated thunderstorms or showers penetrating
an MCS reaches the surface as a hot blast of aighallow surface inversion.
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in these deep stable layers have be ~100 km !
dubbed by Zipser (1977) as “onion’ o
soundings. In most reported instance
of the onion sounding, a relatively
deep stable layer exists near th*"®
ground as a result of the spreading (

TRAILING STRATIFORM
CLOUD
(FUJITA'S TYPE "A" MICROBURST }

NEARLY DRY
ADIABATIC LAYER

WARM, DRY

very cool air from convective down- © B - heat LoHT RAN
drafts. Microbursts impinging on suct burst
a deep stable layer typically will not ~ 100 km ;

have sufficient downward momentun
to reach the surface (midair mi- '
crobursts as defined by Fujita 1985)

In the case of a heat burst, on thn 5
other hand, this stable layesisallow T e
and the microbursts can reach th | ™" uosy iwvedion ™" e, .u‘ii{#%‘riili.'iiimHI;'iH!‘
ground. Weaker microbursts may onl heat LIGHT RAIN
deform the stable layer (Fig. 19, top). burst
What makes the heat burst environ- Fic. 19. Depictions of two possible heat burst mechanisms associated with the

ment rare is not entirely clear; perhap#ailing stratiform regions of mesoscale convective systems: (top) microbursts pen-
such a situation is favored only Wheﬁtratlng shallow surface inversion and (bottom) descending rear- or lateral-inflow jet

mesoscale convective svstems d%enetrating surface inversion. Heat bursts can also occur in association with
) ) y .. owndrafts from isolated thunderstorms penetrating a surface inversion (not shown).
velop in relatively hot, dry conditions,

as observed on this day and also re-
ported in the heat burst study by Johnson (1983). noted in their 2D squall-line simulation that the evapo-
In mechanism 2, a rear- or lateral-inflow jet [theation of precipitation in the stratiform region was
latter type reported in Bernstein and Johnson (1994¢cessary to develop a wake low. Gallus (1996) found
descends along the edge of the stratiform precipitatiora 2D cloud model that only when the trailing strati-
region all the way to the surface (Fig. 19, bottom). THisrm precipitation region is allowed to collapse, as in
situation is similar to a microburst in the sense thtte decaying phase of a squall line, does the surface
sublimation and evaporation are occurring in a dpressure gradient at the back edge of the storm achieve
scending airstream (e.g., Stensrud et al. 1991), buhagnitude that approaches observations. Using a 3D,
there is a sloped trajectory toward the surface.  adaptive-grid cloud-resolving model, Wicker and
Skamarock (1996) also found that wake lows occur at
the back edge of the cold pool where the rear-inflow
5. Dynamical theories for mesohighs jet impinges upon the trailing stratiform region, but
and wake lows embedded within the wake low area are isolated, tran-
sitory, intense low pressure areas associated with de-
Most studies have attributed squall-line mesohighaying convective cells. Similar transients were
to the melting and evaporation of precipitation, whicthocumented by Knievel and Johnson (1998).
builds up a cold dome or gravity current at the surface. Koch et al. (1988) and Koch and Siedlarz (1999)
The propagation of the squall line is then related émgued that the surface pressure fields accompanying
gravity current dynamics where the squall-line speedrtain squall lines reflected a coupling between con-
is proportional to the square root of the depth of coléction and gravity waves. They found deep convec-
air times the density difference across the cold pootisn and precipitation near the pressure maximum
leading edge. However, the gravity current concept(imesohigh) and low pressure ahead of and behind the
not completely adequate in stably stratified envirosquall line. The coupling of convection with gravity
ments (where gravity waves should occur) nor doesvaves was argued by Koch et al. (1988) to be in quali-
explain the existence of a wake low. tative agreement with predictions from wave-CISK
While the wake low clearly is related to subsiden¢eonditional instability of the second kind; Lindzen
warming, the causes of the subsidence and overshd®74; Raymond 1975), wherein it is proposed that the
ing are not fully understood. Zhang and Gao (198§javity wave provides moisture convergence into the
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storm and the heating/cooling distributions from tHmes. These findings are also consistent with observa-
storm in turn provide the energy to drive the wave digens showing that wake lows tend to occur only when
turbance. However, it is clear from the work otrailing stratiform regions exist. While the linear analy-
Nicholls et al. (1991) and Mapes (1993) that convesis explains the general structure of mesohigh/wake
tion excites a spectrum of gravity waves whose cdow couplets rather well, extreme pressure gradients
pling to convection and impact on surface pressweach as those depicted in Fig. 17 are clearly influenced
may not have a single, simple interpretation. by nonlinear effects (e.qg., rapidly descending rear-
An alternative theory for mesohighs and wakieflow jets).
lows was proposed by Haertel and Johnson (2000).
They simulated MCS mesohighs and wake lows us-
ing a linearized dynamical system in which the onf§. Summary and conclusions
forcing was the lower-tropospheric cooling associated
with stratiform precipitation. The response consisted Much of Fujita’s career was devoted to the study
entirely of gravity waves, whose amplitudes were eof surface phenomena associated with severe weather.
hanced in the direction of the cool source motioin his early years Fuijita directed most of his attention
When the moving cool source (speed = 109)was to the surface pressure, wind, and temperature patterns
defined to have a three-dimensional structure, botlassociated with severe storms. The analysis techniques
mesohigh and mesolow developed having charactdrat he developed and applied in both Japan and the
istics and evolutions resembling squall-line mesohighiited States were instrumental in the development
and wake lows (Fig. 20). These evolutions closely ref the field of mesometeorology.
semble those described by Fujita (1963) (cf. Fig. 5). Through time-to-space conversion of barograph
When an upper boundary was introduced directtiata, Fujita was able to construct detailed surface maps
above the cooling, the response approached a stedlyicting mesohighs and mesolows that accompany
state in which a mesohigh—mesolow couplet was ca&mnvective systems. On the smallest scales, he ob-
tered on the cooling. An analytic solution showed the¢rved pressure couplets in association with tornado
the large-amplitude responsestoatiform coolingin  cyclones. On larger scales, he observed mesohighs and
squall lines is a unique consequence of the fact tha¢sodepressions (now generally referred to as wake
the stratiform region’s forward speed of motion typlews) in association with squall mesosystems several
cally approaches the gravity wave speed associatethdred kilometers in horizontal dimension. The
with the vertical wavelength of the stratiform coolingnesohighs and wake lows exhibited a definitive life
()13 m st for a 4-km deep cooling). The modeledycle: mesohighs occurred first, intensified and ex-
wake low intensified when the stratiform precipitatiopanded, then wake lows developed later.
terminated (after 4 h in Fig. 20), consistent with The basic surface pressure patterns accompanying
Fujita’s (1963) observations of wake low intensificasevere storms defined by Fujita over 40 years ago have
tion during the latter stages of the life cycle of squaltood the test of time. While advances in instru-
mentation, notably radar, have
2h 4h 6 h provided greater insight into

mechanisms for mesohighs and
6

wake lows, the essential struc-
tures he proposed still remain
-400 -200 O 200 400 -400 -200 0 260 4(I)O -4l00 -2‘00 0 2(')O 460
x (km) x (km) x (km)

400

2007 valid. Remarkably, the physics

and dynamics of these pressure
features are still not completely
understood. The specific roles of
gravity currents and gravity
waves in mesohighs and wake
lows have not yet been fully re-

F . . . . .S Eved. Moreover, additional
16. 20. The surface pressure response to a left-to-right moving, axisymmetric cooling ) . .
4, and 6 h. The forcing is chosen to represent lower-tropospheric cooling associateo‘i%ﬁ?rvat'onal StUd'_eS also are
the stratiform precipitation region of a squall line (width = 150 km; speed = 10meight Needed to better define the struc-
= 4 km; lifetime = 4 h). The contour interval is 0.2 mb. From Haertel and Johnson (2000§e of these phenomena and, in

y (km)

-200

-400 1
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particular, document the meteorologically significarfankhouser, J. C., 1974: The derivation of consistent fields of wind
cases of extreme pressure gradients and high Windé‘“d geopotential height from mesoscale rawinsonde dlata.

. Appl. Meteor.13,637-646.
ween m . . . .
betwee esohighs and wake lows Fovell, R. G., and Y. Ogura, 1988: Numerical simulation of a
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